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Abstract: The cytotoxicity of 6 highly cytotoxic Pseudomonas aeruginosa isolates was tested against Vero cells. Cytotoxicity was found
to be cell-associated, high cytotoxicity was observed at a multiplicity of infection of 200:1, and this activity gradually decreased as the
bacterial count decreased. This cytotoxicity caused rounding and detachment of the Vero monolayer as early as 1 h after infection.
Moreover, viable metabolically active bacteria were necessary for Vero cell killing. These results imply that one or more of the type III
secretion system effector proteins (ExoU, ExoS, ExoT, or ExoY) were responsible for the observed cytotoxic effects. This cytotoxicity
was affected by changes in pH and temperature and was associated with high adherence but poor invasion levels. The isolates P127,
P139, P205, and P217 exhibited their cytotoxic effect within short infection periods (2 h), and MAFP (an ExoU inhibitor) caused a
dose-dependent reduction of this effect, implying that these cytotoxicities were due to the effector ExoU. On the other hand, P206 and
P231 caused loss of Vero cell viability only after prolonged incubation periods (10 h) and were unaffected by both MAFP and E216-5138
(ExoS inhibitor), indicating that ExoT may be the effector responsible for the observed cytotoxic effects. Several compounds were tested
to inhibit bacterial cytotoxicity. Mannose of the tested antiadherents and poloxamer 407 of the tested pharmaceutical excipients had the
greatest inhibitory effects. Concerning the metal ions, Fe3+ and Zn2+ nearly abolished the observed cytotoxic effects.
Key words: Cytotoxicity, ExoU, ExoS, TTSS, Pseudomonas aeruginosa, Vero cells

1. Introduction
The gram-negative bacterium Pseudomonas aeruginosa
is commonly found in the environment but is also an
opportunistic pathogen that causes infections such as
urinary tract infections, dermatitis, and corneal and
burn infections (1). This organism possesses many
potential virulence factors that allow it to colonize and
infect essentially any mammalian tissue (1). The major
mechanism that allows P. aeruginosa to proliferate in
infected hosts is the export of various protein factors via
specialized secretion machineries. For example, type II
secretion machinery is responsible for the extracellular
secretion of several well-characterized virulence factors,
including exotoxin A (ExoA), elastase (LasA), and
phospholipase C (2). Another virulence factor produced
by P. aeruginosa is the type III secretion system (TTSS).
The TTSS, a contact-dependent, sec-independent
protein secretion pathway that forms a conduit for the
translocation of bacterial effectors into the host cell, is
thought to play a key role in the pathogenesis of acute P.
aeruginosa infections. TTSS directly injects toxins into the
host cells and contributes to epithelial cell and macrophage
damage in vitro in animal models of disease and in human
* Correspondence: maboulwafa@yahoo.com

infections (3). Only 4 TTSS effector molecules have been
identified in P. aeruginosa so far: ExoU, ExoS, ExoT, and
ExoY. ExoU is a phospholipase that is a potent cytotoxin
once injected inside a host cell (3). ExoY is a host factordependent adenylate cyclase that increases intracellular
cAMP. Its role in overall P. aeruginosa pathogenesis may
need to be further explored as most in vitro and in vivo
models of cytotoxicity show only a minor effect of ExoY
(2). ExoS and ExoT are bifunctional enzymes that have
an N-terminal small G-protein activating protein (GAP)
domain and a C-terminal ADP ribosylation domain (2).
These 4 TTSS effectors have been shown to have profound
effects on the host cells that contribute to P. aeruginosa
virulence in the context of acute infections and provide
attractive targets for new diagnostic and therapeutic
strategies (3). Accordingly, this study aimed to investigate
the possible mechanisms of cytotoxicity exerted by 6 highly
cytotoxic P. aeruginosa isolates. Attempts at inhibiting this
cytotoxic effect were also carried out.
2. Materials and methods
2.1. Bacterial isolates and culture conditions
P. aeruginosa isolates P127, P139, P205, P206, P217, and
P231 are highly cytotoxic organisms obtained through
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screening of different clinical isolates for their cytotoxicities
against Vero cells in a previous study (4). These isolates
were stored as bacterial stocks at –20 °C in 50% glycerol
solution for long-term preservation of bacteria. For
conducting experiments, 50 µL was transferred into 10
mL of tryptic soy broth (TSB) and incubated at 37 °C for
18–20 h under static conditions.
2.2. Cell line and growth conditions
African green monkey kidney epithelial cells (Vero Cell
Line, ATCC No. CCL-81) were used in this study. Vero
cells were maintained in Eagle’s minimum essential
medium with Earl’s balanced salts (MEM Earl’s; Sigma)
supplemented with 2% fetal bovine serum (FBS; Gibco),
100 U/mL penicillin, and 100 µg/mL streptomycin
at 37 °C in 5% CO2 and subcultured every 3–4 days.
For experiments, Vero cells suspended in MEM Earl’s
supplemented with 10% FBS were seeded in 96-well tissue
culture plates and kept at 37 °C and 5% CO2 for 24 h to
form a confluent monolayer (5 × 104 cells/well).
2.3. Cytotoxicity assay
The Vero monolayer was infected with aliquots of the
bacterial culture adjusted to contain 1 × 108 cfu/mL for
3 h. After that, the crystal violet (CV) cytotoxicity assay
was carried out as previously described (5). The A540
values of supernatants from infected and control cells
were determined using an automatic microplate scanning
spectrophotometer (Microreader 4 Plus, Hyperion). The
percentage cytotoxicity was calculated as shown below.
A 540 of infected culture
%Cytotoxicity = 81– $ A of control culture .B # 100
540

2.4. Determination of the cytotoxicities of bacterial cells
and cell-free supernatants
Bacteria were harvested by centrifugation at 12,000 rpm
for 5 min and supernatants were separated and sterilized
by filtration through 0.22-µm-pore-size membrane filters
(Millex, Millipore Corporation). Cytotoxicity of cell-free
supernatants was determined by adding 50 µL of MEM
Earl’s and 50 µL of the cell-free supernatant to each well,
and the CV cytotoxicity assay was completed as described
previously.
The bacterial pellets were washed once with PBS
and then resuspended in MEM Earl’s to an absorbance
corresponding to 1 × 108 cfu/mL. To each well, 100 µL was
added, and then the CV cytotoxicity assay was completed as
described before. Additional experiments were performed
using bacterial counts of 107,106,105, and 104 cfu/mL.
2.5. Detection of extracellular production of a cytotoxic
agent by the tested isolates during the cytotoxicity assay
To determine whether cytotoxicity was due to toxic
bacterial products released during the incubation period
in the cytotoxicity assay (3 h), the bacterial supernatants of
cells (1 × 107 cfu/mL) grown for 3 h at 37 °C in MEM Earl’s
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were tested for cytotoxic effect. The cell-free supernatants
were prepared by filter sterilization through 0.22-µmpore-size membrane filters, and these were then incubated
with the Vero monolayer for 3 h.
2.6. Adherence and invasion assays for cytotoxic isolates
Bacterial adherence and invasion were determined
according to previous methods (6) and carried out as
follows. After washing the monolayer, aliquots of 100 µL
of the bacterial suspensions (1 × 106 cfu/mL) were added
to wells of a microtiter plate (8 wells for each isolate).
Following 1 h of incubation at 37 °C in 5% CO2, the inocula
were removed and the Vero cells were washed 3 times with
PBS to remove nonassociated bacteria (the assay time
was reduced to 1 h and the bacterial count adjusted to 1
× 106 cfu/mL since a higher count or a longer time lead
to detachment of the monolayer due to high cytotoxicity).
Vero cells were then treated with lysis solution (0.025%
trypsin and 1% Tween 20 in PBS) for 30 min at 37 °C,
and the total number of associated bacteria (adherent and
invaded) was assessed by the colony counting method.
Gentamicin survival assay was used to quantify
invasion. This was determined using the same method
described above except that after 1 h incubation, the
infected monolayer was treated with 300 µg/mL of
gentamicin solution for 1 h to kill the extracellular bacteria
just before the addition of the lysis solution. Adherent
bacteria were calculated as the difference between the total
number of associated bacteria and the number of invaded
bacteria.
2.7. Effect of midinterval removal of noninteracting
bacteria
Bacterial suspensions (1 × 107 cfu/mL) were left in contact
with Vero cells for only 1.5 h, and then the remaining
suspended bacterial cells were removed and the wells were
washed once with PBS. The incubation was then continued
up to 3 h after addition of 100 µL of fresh MEM Earl’s to the
wells. After that, the CV assay was carried out. Incubation
of bacterial cells (1 × 107 cfu/mL) with Vero cells for 3 h
was also carried out in parallel for comparison.
2.8. Effect of metabolic state of the tested bacterial
isolates on their cytotoxic activities
2.8.1. Cytotoxic activity of killed bacterial cells
The bacterial cells of the tested isolates (1 × 108 cfu/
mL in PBS) were killed by treatment with 300 µg/mL of
gentamicin solution for 1 h. Gentamicin at 100 µg/mL was
sufficient to kill P. aeruginosa at 108 cfu/mL in 1 h (6). To
heat-kill bacterial cells, bacteria (1 × 108 cfu/mL in PBS)
were placed in a boiling water bath for 30 min. Cultures of
the heat-killed bacteria confirmed that no viable bacteria
persisted after this treatment. To prepare whole cell lysates,
bacterial cells (1 × 108 cfu/mL in PBS) were sonicated by a
sonicator (Microson) with 5 bursts at 20 W, 1 min each,
with 30-s rests on ice in between the bursts (7).
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In each case, the cytotoxic activity of the killed
suspensions produced was determined by adding 90 µL of
MEM Earl’s to each well followed by 10 µL of the killed
bacterial suspension. The plate was then incubated for 3
h, after which the CV cytotoxicity assay was carried out.
2.8.2. Cytotoxic activity of viable metabolically inactive
bacterial cells
Bacterial cells (1 × 108 cfu/mL in PBS) were cooled to 4
°C. Ten microliters of the cooled suspensions was then
added to Vero cells bathed in 90 µL of ice-cold MEM Earl’s
and the plate was kept at 4 °C for 3 h. Cold treatment of
Vero cells in the absence of bacteria had no effect on the
viability of the monolayer (8).
2.9. Effect of pH and incubation temperature on bacterial
cytotoxicity
The bacterial suspensions were prepared as previously
described except that the pH of MEM Earl’s was adjusted
with 0.3 N of HCl or NaOH sterile solutions. The pH levels
studied were 6, 7, 8, and 10, and the cytotoxicity assay was
carried out as mentioned before. To study the effect of
incubation temperature, the cytotoxicity assay was again
carried out as mentioned before, except that the plate was
incubated at different temperatures (30, 37, and 40 °C).
2.10. Vero cell morphology after infection by bacterial
cells of the tested P. aeruginosa isolates
Vero cell morphology was assessed by examination using
an inverted microscope (Hund Wilovert, Model 30) 1,
2, and 3 h after infection by a bacterial cell suspension
adjusted to a count of 1 × 107 cfu/mL. At 3 h after infection,
the cells were washed, fixed with 1% glutaraldehyde, and
photographed using a camera (Canon PowerShot A650)
attached to an inverted microscope (Optech).
2.11. Vero cell viability after infection by bacterial cells of
the tested P. aeruginosa isolates
Examination of cell viability was carried out according
to previous methods (9) with some modifications. The
Vero monolayer was infected with the tested isolates at a
multiplicity of infection ratio of 20:1. After 2, 4, 6, and 10 h
of incubation, 5 µL of 0.4% trypan blue was added directly
to each well without previously removing the contents of
the wells or washing. This was done because Vero cells
detached from the wells and were lost if the wells were
emptied and washed, making it difficult to determine Vero
cell viability especially after long incubation periods. After
15 min, the wells were inspected and photographed. Cells
with an intact membrane were able to exclude trypan blue
while dead cells took up the dye.
2.12. Studying the effect of some protective agents on the
cytotoxicity of P. aeruginosa to Vero cells
2.12.1. Treatment of Vero cells with methyl arachidonyl
fluorophosphonate
Treatment of Vero cells with methyl arachidonyl
fluorophosphonate (MAFP), an ExoU inhibitor, was

carried out according to previous methods (10) with some
modifications. Vero cells cultured in 96-well plates were
washed with PBS, and 90 µL of MEM Earl’s containing
MAFP at 100, 450, and 900 µM was added to each well.
After 30 min, 10 µL of bacterial suspension adjusted to 1
× 108 cfu/mL in PBS was added to each well. Control wells
contained 10 µL PBS instead of the added bacterial cells.
The plate was incubated for 3 h at 37 °C, after which the
CV cytotoxicity assay was carried out.
2.12.2. Treatment of Vero cells with E216-5138
Treatment of Vero cells with E216-5138, an ExoS inhibitor,
was carried out as above except that E216-5138 at 80,
160, and 250 µM was added to the wells instead of MAFP
(11). E216-5138 was prepared by dissolving 5 mg in 1
mL of DMSO. This solution was then used to prepare the
mentioned concentrations in MEM Earl’s.
2.13. Attempts for inhibition of cytotoxic activities of the
tested bacterial isolates
2.13.1. Testing the effect of bacterial antiadherent agents
The tested antiadherent agents and their applied
concentrations are shown in the Table.
a. Sugars and dextran-70: The bacterial suspension
of the tested isolates was adjusted to 1 × 107 cfu/mL in
MEM Earl’s and the test sugar was incorporated into this
suspension at the concentrations listed in the Table. The
resulting bacterial suspension was incubated for 30 min
at 37 °C. Aliquots of 100 µL of this suspension were then
added to the wells containing Vero cells. Control wells
were treated similarly except that the bacterial cells were
omitted. In the case of dextran-70, the Vero monolayer
was pretreated for 30 min at 37 °C with 90 µL of MEM
Earl’s containing 3% dextran-70. After that, 10-µL aliquots
of the bacterial suspension (1 × 108 cfu/mL) were added to
each well. Control wells were included and contained 10
µL of PBS instead of the added bacterial suspension.
b. Pharmaceutical excipients: The surfactant was
added concomitantly with the bacterial suspension to
Vero cells. Quantities of 90 µL of MEM Earl’s containing
the mentioned concentrations (Table) of the tested agents
were added to wells containing Vero cells, followed by 10
µL of the bacterial suspension (1 × 108 cfu/mL in PBS).
Control wells were included and contained 10 µL of PBS
instead of the added bacterial suspension. For all of the
tested agents, the CV cytotoxicity assay was carried out
after 3 h of incubation at 37 °C, and the results were
compared with monolayer-containing wells infected with
the tested bacterial isolates without treatment with the
antiadherent agents.
2.13.2. Testing the effect of metal ions
The bacterial suspension was adjusted to 1 × 107 cfu/
mL in MEM Earl’s and the different metal ions were
incorporated at the concentrations listed in the Table. The
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Table. Agents studied for inhibiting the cytotoxic activities of the tested bacterial
isolates and their applied concentrations.
Class

Agent used

Concentrations applied

D-Glucose
Galactose
Mannose
Dextran-70
Tween 20
1b. Antiadherents: Pharmaceutical Tween 80
excipients
Poloxamer 188
Poloxamer 407
CaCl2
2. Metal ions
FeCl3.H2O
ZnCl2

1a. Antiadherents: Sugars

3. Results
3.1. Characterizing the cytotoxic activities of the tested
isolates for revealing the possible associated mechanisms
3.1.1. Cytotoxicity of P. aeruginosa isolates
The 6 tested P. aeruginosa isolates showed high cytotoxic
effects (>90%) after 3 h of Vero cell infection.
3.1.2. Cytotoxicity of bacterial cells and cell-free
supernatants
The results showed that the cell-free supernatants of the
6 P. aeruginosa isolates caused nearly no cytotoxicity after
3 h of Vero cell infection. On the other hand, the washed
bacterial cells caused high cytotoxic effects similar to those
obtained by the whole cultures (Figure 1). In all of the tested
isolates, high cytotoxicity was obtained at high bacterial
cell counts (108 and 107 cfu/mL), and the cytotoxicity was
gradually decreased by decreasing the bacterial count
(Figure 2). However, a count of 107 cfu/mL was used for all
of the tested bacterial isolates in subsequent experiments.
3.1.3. Detection of extracellular production of cytotoxic
agents during the cytotoxicity assay
Results showed that the filtrates produced were nearly
unable to cause Vero cell cytotoxicity.
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3%
0.025%, 0.05%, and 0.1%

2.5, 5, and 10 mM

3.1.4. Adherence and invasion of the tested isolates
As shown in Figure 3, the tested Pseudomonas isolates
showed variable adherence levels (2%–15%). On the other
hand, these isolates showed invasion levels in the range of
0.01%–0.1%.
3.1.5. Effect of midinterval removal of noninteracting
bacteria
Removal of noninteracting cells of the tested isolates in the
middle of the assay did not affect their cytotoxicities (data
not shown).
3.1.6. Effect of bacterial metabolic state on their cytotoxic
activities
Results showed that all treated cells lost their cytotoxic
activities (data not shown).
3.1.7. Effect of pH and incubation temperature on
bacterial cytotoxicity
The effect of MEM Earl’s pH is shown in Figure 4. In
comparison to the effect at pH 7, pH 8 decreased the
cytotoxicities of 4 out of 6 isolates while pH 10 decreased
the cytotoxicity of all of the isolates, and the effect was
120

Cell-free supernatant

Bacterial cells

100
% Cytotoxicity

resulting bacterial suspension was incubated for 30 min
at 37 °C. Aliquots of 100 µL of this suspension were then
added to monolayer-containing wells (12). Control wells
were treated similarly, except that the bacterial cells were
omitted. The CV cytotoxicity assay was carried out after 3 h
of incubation. Again, monolayer-containing wells infected
with the tested bacterial isolates without treatment with
the metal ions were included for comparison.
2.14. Statistical analysis
Experiments were done in triplicate and values represent
the mean ± standard deviation.

2% and 5%

80
60
40
20
0

P127

P139

P205
P206
Bacterial isolates

P217

P231

Figure 1. Cytotoxicity of cell-free supernatants and bacterial
cells of the P. aeruginosa isolates. The histograms represent the
average percent cytotoxicity caused by the isolates and the error
bars indicate the standard deviations of the data.
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Figure 2. Effect of bacterial count on cytotoxicity of P. aeruginosa
isolates. The histograms represent the average percent cytotoxicity
caused by the isolates and the error bars indicate the standard
deviations of the data.

much greater than that obtained at pH 8. However, a pH
of 6 did not inhibit the cytotoxicities of all of the isolates.
In the case of incubation temperature, as compared to the
original temperature previously tested (37 °C), changing
the incubation temperature to 30 or 40 °C affected the
cytotoxicities of Pseudomonas aeruginosa isolates. A
pronounced reduction in cytotoxicity was observed in 4
isolates (P139, P205, P206, and P231) at an incubation
temperature of 40 °C, while such an effect was only
observed with 2 out of 6 isolates (P139 and P206) at an
incubation temperature of 30 °C (Figure 5).
3.1.8. Vero cell morphology after infection by bacterial
cells of the tested P. aeruginosa isolates
After 1 h, Vero cells started to have a rounded morphology,
and some detachment was observed (data not shown).
Two hours after infection, most cells became rounded,
and after 3 h, most of the rounded Vero cells had detached
from the wells in the case of isolates P127, P205, P217, and
P231, while the other 2 isolates, P139 and P206, caused a
lower degree of Vero cell detachment (Figure 6).

3.1.9. Vero cell viability after infection by bacterial cells
of the tested P. aeruginosa isolates
In the case of infection with P127, P205, and P217, most
of the Vero cells took up the dye (dead cells) as early as 2
h after infection. In the case of P139, only some Vero cells
took up the dye after 2 or 4 h, while most cells lost their
viability after 6 h. On the other hand, infection with P206
and P231 did not affect Vero cell viability after 2, 4, or 6
h, although significant rounding was observed. However,
after 10 h, most of the infected Vero cells took up the dye
(Figure 7).
3.1.10. Effect of some protective agents on the cytotoxicity
of P. aeruginosa to Vero cells
Pretreatment of Vero cells with MAFP for 30 min markedly
reduced the cytotoxicities of P127, P139, P205, and P217.
This corroborates a role for the ExoU PLA2-like activity in
cell death for these isolates. As shown in Figure 8, MAFP
caused a dose-dependent reduction in the cytotoxicity of
the mentioned isolates in most cases. On the other hand,
the cytotoxicities of P206 and P231 were unaffected by
MAFP (Figure 8). When Vero cells were pretreated with
E216-5138 for 30 min, no protective effect was observed at
the inhibitor doses of 80 and 160 µM for all tested isolates
(Figure 9). Higher concentrations of the inhibitor (250
µM) induced Vero cell damage (data not shown).
3.1.11. Inhibition of cytotoxic activities of the tested
bacterial isolates
a. Sugars: In the case of glucose, a concentration of 2% had
nearly no effect on the cytotoxicity of most P. aeruginosa
isolates; however, 5% glucose reduced the cytotoxicity of
the isolates (Figure 10). For galactose, a dose-dependent
reduction in the cytotoxicity of most P. aeruginosa was
obtained except in the case of P231, where no effect was
observed (Figure 10). Similar to galactose, mannose
caused a dose-dependent reduction in the cytotoxic

Adherence (% of initial count)

18
16

% Adherence

14

% Invasion

12
10
8
6
4
2
0

P127

P139

P205

P206

P217

P231

0.2
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

Invasion (% of initial count)

120

Bacterial isolates

Figure 3. Adherence and invasion of the tested P. aeruginosa isolates to Vero cells.
The histograms represent the average percent adherence and invasion caused by the
isolates and the error bars indicate the standard deviations of the data.
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P127
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Bacterial isolates

P217

P231

Figure 4. Effect of pH of MEM Earl’s medium on bacterial cell
cytotoxicity of P. aeruginosa isolates. The histograms represent
the average percent cytotoxicity caused by the isolates and the
error bars indicate the standard deviations of the data.

activity, but its effect was more apparent and observed
with all of the isolates (Figure 10). Moreover, dextran-70
reduced the cytotoxicities of P127, P139, P205, P206,
P217, and P231 by 30.9%, 31.3%, 11.9%, 31.2%, 21.3%, and
3.8%. respectively.
b. Pharmaceutical excipients: In the case of Tween 20,
0.025% had nearly no effect on bacterial cytotoxicity,
whereas 0.05% and 0.1% affected the Vero monolayer
integrity (data not shown). In the case of Tween 80 and
poloxamer 188, Figure 11 shows that both caused a
dose-dependent reduction in the cytotoxicities of most
P. aeruginosa isolates. Regarding poloxamer 407, Figure
11 shows that this surfactant markedly reduced the
cytotoxicities of the tested isolates. It was noteworthy
that the highest reduction in cytotoxicity was observed
with this agent compared to other tested surfactants.
A concentration of 0.1% affected the Vero monolayer
integrity in the case of Tween 80 and poloxamer 407.
3.1.12. Use of metal ions
Concentrations of 2.5 and 5 mM of the tested metal ions
did not affect Vero cell viability as confirmed by staining
with trypan blue; however, in each case, a concentration
of 10 mM damaged the Vero monolayer. Calcium ions,
as shown in Figure 12, had a minimum effect on the
cytotoxicity of most P. aeruginosa isolates. However,
in the case of iron and zinc ions, 2.5 mM reduced the
cytotoxicities of all P. aeruginosa isolates. Moreover, 5 mM
caused nearly complete inhibition of the cytotoxicities of
all the tested isolates (Figure 12).
4. Discussion
In the present study, the results concerning P. aeruginosa
cytotoxicity mechanisms may be summarized as follows:
1. Cytotoxicity was found to be cell-associated since
neither filtered supernatants obtained from 18-h cultures
in TSB nor those obtained from 3-h cultures in MEM
Earl’s caused Vero cell cytotoxicity.
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Figure 5. Effect of different incubation temperatures on bacterial
cell cytotoxicity of P. aeruginosa. The histograms represent the
average percent cytotoxicity caused by the isolates and the error
bars indicate the standard deviations of the data.

2. High cytotoxicity was observed using 1 × 108 or 1
× 107 cfu/mL for 3 h only and gradually decreased as the
bacterial count decreased. In addition, similar cytotoxicity
was seen after 3 h of Vero cell infection with midinterval
removal of noninteracting bacteria.
3. Upon microscopical examination, P. aeruginosa
isolates were shown to cause rounded morphology and
detachment of the Vero monolayer by different degrees as
early as 1 h after infection.
4. Viable metabolically active bacteria were necessary
for Vero cell killing.
Upon reviewing the literature accumulated on
cytotoxicity caused by Pseudomonas aeruginosa, it was
found that the results demonstrated in the present study
show the characters of TTSS that are common among
gram-negative bacteria. Hence, it could be suggested that
1 or more of the 4 known effector proteins (ExoU, ExoS,
ExoT, or ExoY) is directly responsible for the observed
cytotoxic effects. This conclusion can be further explained
as follows:
1. Cytotoxicity was found to be cell-associated and
no cytotoxicity was observed with filtered supernatants
since the induction and secretion of proteins via the
TTSS appears to require the bacterium to sense a junction
between itself and a target cell, and then proteins are
translocated across the eukaryotic cell membrane at this
contact site (13). Therefore, bacterial supernatants were
found to be devoid of the cytotoxic effect, although they
may contain the TTSS effectors because TTSS requires
close contact between the eukaryotic cells and the infecting
bacteria to secrete and deliver toxic proteins directly into
the cytosol of the host cells (14,15).
2. High cytotoxicity was obtained at 108 or 107 cfu/mL
even after only 3 h of infection time, and this supports
our conclusion since TTSS effector proteins act rapidly,
immediately following contact of the bacteria with the host
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C
A

P127

P139

P205
P127

P206

P217

P139

P205

P231
P206

Figure 6. The cytotoxic effect of P. aeruginosa isolates on Vero cells
as revealed by microscopical examination after 3 h of infection.
Images were captured using an inverted microscope (Optech)
attached to a camera (Canon PowerShot A650). Magnification =
400×, C = control (uninfected cells).

cell unlike type II secreted proteins (2). In 1995, Apodaca
et al. showed that infection of mammalian cells with a P.
aeruginosa strain expressing TTSS effectors caused host
cell injury after 3 h of incubation (8). They also showed that
identical results were observed if bacteria were allowed
to attach for 1.5 h, nonadherent bacteria were removed,
and the incubation was continued up to 3 h, and the same
phenomenon was observed in the present study.
3. Pseudomonas isolates used in the present study
were shown to induce changes in the morphology of the
Vero monolayer as early as 1 h after infection and marked
detachment after 3 h. These effects were due to TTSS
effectors, which were reported previously to be responsible
for such effects. In 2005, Lee et al. showed that P. aeruginosa
strains expressing TTS effectors caused cell rounding of
host cells as early as 1 h after infection (2).
4. Further evidence that was demonstrated is that
viable metabolically active bacteria were required for host
cell cytotoxicity since TTSS-dependent cytotoxicity was
reported to require live P. aeruginosa (16). In addition,
Rajan et al. showed that induction of host cell injury by
TTSS effectors required intact bacteria (17).
P. aeruginosa cytotoxicity in this study was affected by
changes in pH and temperature, as shown in the results.
P. aeruginosa cytotoxicity was found to decrease as the
pH of MEM Earl’s medium increased. This may be due
to a decrease in adherence at high pH levels since it was
previously reported that there was an overall decrease in
Pseudomonas adherence to epithelial cells with increasing

P217

P231

B

P231
P206

Figure 7. Vero cell viability assessed by trypan blue staining:
A) after 2 h of infection with the tested P. aeruginosa isolates,
B) after 10 h of infection with the tested P. aeruginosa isolates.
Magnification = 400×, C = control (uninfected Vero cells).

pH and that adherence at pH 6.5 was significantly higher
than that measured at all other pH levels (18). Since the
TTS process is contact dependent, i.e. the number of P.
aeruginosa adhering to the eukaryotic cells correlated
well with the translocated amount of effector proteins
(19), this may explain the reduced cytotoxicity observed
as pH increased. In addition, the TTSS of P. aeruginosa
was reported to be highly sensitive to environmental
conditions, such as temperature, pH, and Ca2+ level, as
well as to metabolic balance (20–22). Moreover, Xiao
showed that the expression of TTSS genes of P. syringae
were repressed by high pH and activated in acidic pH (23).
Concerning temperature changes, the results revealed
that the highest cytotoxic effects were observed at 37 °C,
while a reduction in cytotoxicity was observed for 4 of the
tested isolates at 40 °C and for 2 isolates only (P139 and
P206) at 30 °C. This may be explained by the finding that
genes encoding the TTSS are induced at a temperature
of 37 °C (24). Moreover, Hornef et al. determined the
influence of incubation temperature on effector protein
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Figure 8. Effect of different concentrations of MAFP on
Pseudomonas aeruginosa cytotoxicity on Vero cells after 3 h
of infection. The histograms represent the average percent
cytotoxicity caused by the isolates and the error bars indicate the
standard deviations of the data.

regulation and observed that maximum effector protein
synthesis occurs at 37 °C (25). A diminished but significant
production was also measured at 32 °C while very low
levels were obtained at 43 °C.
A strong relation was observed between adherence and
cytotoxicity of the P. aeruginosa isolates in this study. On
the other hand, poor invasion levels were obtained for these
isolates. This is because the TTSS is contact-dependent. It
was shown that the number of P. aeruginosa adhering to
the eukaryotic cells correlated well with the translocated
amount of exoenzymes (19). In addition, Apodaca et
al. reported that the adhesion of a P. aeruginosa strain
(expressing TTSS effectors) to cultured epithelial cells was
necessary for cell killing by the TTSS. Cell lines that were
resistant to binding were also resistant to cell killing (8).
However, no evidence that bacterial invasion was part of
the killing process was observed by the authors.
In order to determine which of the 4 effectors (ExoU,
ExoS, ExoT, and ExoY) was responsible for the observed
cytotoxic effects caused by the tested isolates, it was
necessary to test the host cell viability after infection with
these isolates at different time intervals. In addition, the
protective effect of some tested agents (including specific
inhibitors of individual effectors) on the cytotoxicity of the
tested isolates was also investigated.
4.1. Vero cell viability after infection by the tested P.
aeruginosa isolates
As shown in the results, infection with P127, P139, P205
and P217 caused a great loss of Vero cell viability after 2
h of incubation, while P206 and P231 did not affect Vero
cell viability except after 10 h. Taken together with the
fact that out of the 4 effector proteins (ExoU, ExoY, ExoS,
and ExoT), only ExoU led to loss of cell viability during
short infection periods (26), these results reveal that ExoU
might be the effector protein responsible for the cytotoxic
effects caused by P127, P139, P205, and P217. In addition,
Gendrin et al. reported that P. aeruginosa strains that
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Figure 9. Effect of different concentrations of E216-5138 on
Pseudomonas aeruginosa cytotoxicity on Vero cells after 3 h of
infection. The bars indicate the average percent cytotoxicity
caused by each isolate and the error bars indicate the standard
deviations of the data.

express ExoU cause rapid cell necrosis as a consequence
of the membrane-destruction (phospholipase) potential
of the toxin (27). On the other hand, in the case of P206
and P231, ExoS or ExoT might be the effector protein
responsible for the observed cytotoxic effects since both
were reported to cause apoptosis after long incubation
periods (2,28). In 2011, Maman et al. reported that ExoSinduced stress is characterized by slow death induction of
the infected cell, whereas ExoU is a potent phospholipase
that is capable of causing rapid cell death in eukaryotic
cells (29).
4.2. Effect of some protective agents on the cytotoxicity
of P. aeruginosa to Vero cells
Effect of MAFP: MAFP, which is a selective irreversible
inhibitor of both Ca-dependent and Ca-independent
cytosolic PLA2, was identified as an effective antagonist of
ExoU-induced cytotoxicity (30). Results showed that Vero
cell pretreatment with MAFP caused a dose-dependent
reduction in the cytotoxicities of P127, P139, P205, and
P217. This implies that the cytotoxicities observed by these
isolates were due to the effector ExoU. Similar results were
reported by Saliba et al., who observed that the bacterial
lytic activity caused by a P. aeruginosa strain expressing
ExoU was significantly decreased by the inhibitor MAFP
(10). Taken together, these findings raise the possibility
that MAFP and other PLA2 inhibitors may be successful
in treating P. aeruginosa infections. On the other hand,
no protection was afforded in the case of P206 and P231,
which indicates that another effector other than ExoU was
responsible for the cytotoxic effects observed for these 2
isolates.
Effect of E216-5138: E216-5138 is an exosin analog
that showed improved efficacy against ExoS cytotoxicity
versus exosin (11). Results showed that no protection was
exerted by this analog for any of the tested isolates even at
160 µM of the inhibitor. These results indicate that another
effector protein like ExoT may be involved for isolates P206
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Figure 10. Effect of different concentrations of A) glucose, B) galactose, C) mannose, and D) dextran-70 on the cytotoxicity
of P. aeruginosa isolates after 3 h of Vero cell infection. The histograms represent the average percent cytotoxicity caused
by the isolates and the error bars indicate the standard deviations of the data.

and P231. ExoT was recently reported to cause apoptosis
in mammalian cells after long incubation periods (28).
Other possibilities may be that ExoS is involved in the
observed cytotoxic effects but the inhibitor used or its
applied concentrations failed to offer protection.
4.3. Inhibition of cytotoxic activities of the tested
bacterial isolates
Inhibition of cytotoxic effects caused by bacterial isolates
serves as a potential mode of treatment for infections
caused by these isolates. In the present study, the effect
of both antiadherent agents and metal ions on bacterial
cytotoxicity was tested.
Glucose, galactose, and mannose have been reported
to reduce the adherence of P. aeruginosa isolates to

mammalian cells through interaction with binding
adhesins on the bacterial surface (31). Therefore, the effect
of these sugars on cytotoxicity was investigated. As shown
in the results, a concentration of 5% glucose reduced the
cytotoxicity of the isolates. In the case of galactose and
mannose, a dose-dependent reduction in the cytotoxicities
of most P. aeruginosa isolates was observed and the
effect was more apparent in the case of mannose. These
results may be attributed to a corresponding reduction
in the adherence of the tested isolates since adherence
of bacteria to host cells or tissues is the first step in the
infectious process of many bacterial pathogens (32).
It was previously reported that glucose and galactose
showed a dose-dependent reduction in the adherence of
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cytotoxicity of P. aeruginosa isolates after 3 h of Vero cell infection. The histograms
represent the average percent cytotoxicity caused by the isolates and the error bars
indicate the standard deviations of the data.

P. aeruginosa isolates to Vero cells (31). Moreover, Thomas
et al. reported that mannose is an effective inhibitor of P.
aeruginosa attachment (33).
Dextrans are α-1,6-linked glucose polymers that have
been shown by other investigators to nonspecifically
coat eukaryotic cells and inhibit the adherence of several
bacterial pathogens, including Pseudomonas aeruginosa
(34). As shown in the results, dextran-70 reduced the
cytotoxicities of all tested isolates. Again, this effect may
be attributed to dextran’s antiadherent action. Because
they are inexpensive and nontoxic, dextrans might be ideal
therapeutic agents for prevention of bacterial infections.
The 4 nonionic surfactants Tween 20, Tween 80,
poloxamer 188, and poloxamer 407 have been previously
reported to nonspecifically reduce the adherence of P.
aeruginosa isolates to Vero cells by decreasing the surface
hydrophobicity of isolates (31). Therefore, their effect
on bacterial cytotoxicity was investigated. As shown in
the results, both Tween 80 and poloxamer 188 caused a
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dose-dependent reduction in the cytotoxicities of the P.
aeruginosa isolates. Moreover, poloxamer 407 was found
to cause the greatest reduction in the cytotoxicities of the
tested isolates. The effect of these excipients on cytotoxicity
may be attributed to their nonspecific effect on the
adherence of the tested isolates. In addition, Hafez reported
that the highest antiadherent effect was observed with
poloxamer 407 (31), which explains why a concentration of
0.05% nearly abolished the cytotoxicities of some isolates
in the present study. Taken together, the results obtained
strongly suggest that the use of such excipients, especially
poloxamers, in formulating preparations could possibly be
a prophylactic approach against P. aeruginosa infections.
Since metal ions are known to affect bacterial virulence
(35) and inhibit several bacterial enzymes (36), the effect
of 3 metal ions on bacterial cytotoxicity was investigated.
As shown in the results, Ca2+ ions had little or no effect on
the cytotoxicity of the tested P. aeruginosa isolates. In the
case of Fe3+, 2.5 mM decreased the cytotoxicities while a
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Figure 12. Effect of different concentrations of A) calcium, B) iron, and C) zinc
ions on the cytotoxicity of P. aeruginosa isolates after 3 h of Vero cell infection. The
histograms represent the average percent cytotoxicity caused by the isolates and the
error bars indicate the standard deviations of the data.

concentration of 5 mM nearly abolished the cytotoxicities
of all isolates. This may be attributed to a decreased
production of all P. aeruginosa virulence factors as well as
a decreased adherence in iron-rich medium (37).
Regarding the effect of Zn2+, results showed that Zn2+
ions caused a pronounced reduction in the cytotoxicities
of all of the tested isolates and 5 mM nearly abolished
these cytotoxicities. Crane et al. reported that zinc caused

a decrease in the expression of E. coli protein virulence
factors and reduced their adherence to tissue culture cells
due to inhibition of adhesins (38).
In conclusion, the results revealed that the tested
agents, which were shown to inhibit cytotoxicity of the
tested isolates, could be used in the prevention and/or
treatment of many Pseudomonas infections.
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